Renewable fuel is a promising alternative as a petroleum replacement in view of the current worldwide demand for petroleum fuel, which is catching up with the world's petroleum supply. In the present study, gasoline and diesel-range hydrocarbons were derived from triolein via a deoxygenation process. The deoxygenation of triolein was performed using waste clamshell-derived CaO supported by active promoters (binary metal oxide systems: Ni-CaO, Zn-CaO, Fe-CaO and Co-CaO). Based on the catalytic activity study, the highest degree of deoxygenation via deCOx reaction (decarboxylation/decarbonylation) was achieved in the presence of the strong acid-base bifunctional Co-CaO catalyst. A Box-Behnken optimization study was performed to study the effect of 3 operating parameters: catalyst loading (3-7 wt%), reaction temperature (300-360 C) and reaction time (60-120 min). The present study has indicated that the maximum hydrocarbon yield (56%) was achieved under optimized deoxygenation conditions of 5 wt% of catalyst, 340 C within 105 min, and the interaction effect between reaction temperature and time rendered a significant effect towards the deoxygenation activity.
Introduction
Production of liquid biofuel is becoming more important. This is mainly due to the increase of global consumption of fossil fuels especially in the transportation sector which has contributed to the depletion of natural petroleum fossil resources. A new alternative solution is very much needed to sustain the future fuel production. Diesel is an important liquid hydrocarbon-based fuel derived primarily from fractional distillation of petroleum crude oil. This type of fuel comprises medium to long chain hydrocarbons within the range of (C 13 -C 20 ) with a specic concentration of aromatic additives as octane enhancers.
1 Diesel is industrially preferable as it converts 20% more fuel energy to actual energy compared to gasoline (range (C 8 -C 12 )) and subsequently produces less waste heat. The higher cetane number of diesel also results in shorter ignition delaying time which will help to achieve complete combustion. Moreover, it also lasts longer and safer as diesel not release as much fume as gasoline. The global demand on diesel has increased tremendously while world crude oil reserve is continuously depleting. An alternative route for diesel production from non-fossil sources is a necessity. Deoxygenation of vegetable oil is one of the suggested alternative routes to produce green-diesel. Deoxygenation of vegetable oil is one of the suggested alternative routes to produce renewable green diesel. The deoxygenation of vegetable-based feedstock is typically related to cracking of hydrocarbon chain with the hydrocarbon chain being broken and the oxygen being removed in the form of CO 2 /CO via decarboxylation/decarbonylation (deCOx) reactions. 2 The produced green diesel presented similar properties to conventional petroleum derived fuels and deoxygenation also is an economical process as there is no H 2 is used as compared to well-established renery process (hydrodeoxygenation). Hydrodeoxygenation, is a process involves an exothermic reaction which removes oxygen in the form of water in the presence of H 2 .
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The studies on the effect of alkali metal and alkaline earth metal, especially on Mg 4 and Ca metals were widely investigated to improve the quality of diesel via deoxygenation reaction due to their unique basic properties. It was found CaO helped in oxygen removal by being able to absorb more CO 2 in gas phase. 5 Moreover, application of basic over calcined dolomite (MgO-CaO) catalyst also showed reduction of tar formation with an increase of H/C ratio. 5 In brief, these observations indicated that MgO and CaO presence will produce a better route for oxygen removal in the form of CO 2 through catalytic deoxygenation. Transition metal oxides (TMOs) are important materials and widely applied for various processes such as oxidation, hydrodeoxygenation, selective/reduction, ammoxidation, metathesis and etc. 6 TMOs is a good promoter in catalyst synthesis which acted as an alternative catalyst family to noble metals such as Pt and Pd in the eld of catalytic cracking activity. Promoter played an important role in tuning product selectivity towards monofunctional hydrocarbon intermediates, which then further proceeded to desired hydrocarbon-like chain. 7 Application of noble metals in catalytic cracking activity is still being widely explored and studied but it is still unattractive due to the high cost constrain. 8 Thus, it is more reasonable to develop a new inexpensive catalyst. Several literatures had reported that the rule over transition metal catalysts in enhancing the formation of unsaturated hydrocarbon from saturated fatty acid and fatty acid ester. Several studies had reported on the application of bimetallic fraction cooperation of Co/Pt, Co/Mo, Ni/pristine and Fe/ MSN(mesoporous silica nanomaterials)to enhance the effectiveness of converting model triglycerides compound into desired hydrocarbons.
9,10 These reports had successfully proved that TMOs are active and selective in the mentioned reactions because of its unique properties such as existence of both basic and acid properties, cationic and anionic vacancies and high mobility of lattice oxygen.
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The optimization study via OVAT (one-variable-at-a-time) approach for deoxygenation reaction under H 2 -free condition through investigation of different parameters (i.e. reaction temperature, reaction time and catalyst loading) was well established and supported by several researchers. [12] [13] [14] Conventionally, OVAT technique is an optimization process that is performed with the variation of one component at a time, where the response is a function to a single parameter. 15 OVAT technique excludes the interactive effects among the parameter and eventually, it does not depict the integration and relationship between parameters in the process. Thus, in order to overcome this weakness, the optimization study can be carried out by using response surface methodology (RSM), which is among the most relevant multivariate techniques. Utilization of RSM optimization to study the deoxygenation activity and the interaction effects between different deoxygenation parameter is necessary as this study has not been thoroughly investigated. To date, only a literature was found to report on the deoxygenation of activity over SiO 2 -Al 2 O 3 supported catalyst using RSM optimization study. But, the study focused on the usage of acidic catalyst.
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Thus, the present study highlights the usage of solid base catalysts (Ni-CaO, Zn-CaO, Fe-CaO, Co-CaO), prepared from low cost and toxic-free waste clamshell (meretrix-meretrix) for deoxygenation of triolein. The physicochemical properties of CaO-based catalysts were further investigated by XRF, XRD, SEM, FESEM-EDX mapping, BET and TPD analysis. Detail study on the chemical composition and product distribution of deoxygenized liquid products were discussed based on FTIR, GC-FID, GC-MS and CHNOS analysis. Furthermore, optimization of triolein deoxygenation process was evaluated via RSM approaches by manipulating the three reaction variables: (i) temperature, (ii) reaction time and (iii) catalyst concentration. The recoverability and stability prole of CaO-based catalyst was also being evaluated.
Experimental

Material
The CaO was prepared from waste clamshell based on previous study. 16 The ) and internal standard 1-bromohexane with purity >98% (GC grade) were purchased from sigma Aldrich. The n-Hexane (GC grade) with purity >98% from Merck was used for dilution.
Catalyst development
Calcium-based catalysts were synthesized using wet impregnation method. 5 g of clamshell-derived calcium oxide (CaO) was impregnated with an aqueous solution of metal salts containing 20 wt% concentration of nickel(II) nitrate hexahydrate and the mixture was stirred for 6 h. The mixture was then dried in the oven at the temperature of 100 C for 24 h. The dried samples were grounded into ne powder before thermally activated at the temperature of 900 C for 2 h under atmosphere condition.
The 900 C calcination temperature is in agreement with Tauq's group study. 17 The procedures above were repeated using cobalt(II) nitrate hexahydrate, iron(III) nitrate 9-hydrate and zinc(II) nitrate hexahydrate. The samples were denoted as NiCaO, Zn-CaO, Fe-CaO and Co-CaO.
Catalyst characterization
X-ray uorescence (XRF) spectrometry was used to trace elemental composition in the catalyst. In this study, the XRF (Philips PWI404) was equipped with a scandium anode tube. The powder X-ray diffraction (XRD) analysis was carried out to identify the crystallography of the mixed metal oxide catalysts. The XRD analyses were performed using Shimadzu diffractometer model XRD-6000. The specic surface area and pore distribution of the catalysts were determined by BrunauerEmmet-Teller (BET) method with N 2 adsorption/desorption analyzer using Thermo-Finnegan Sorpmatic 1990 series. The catalysts were degassed overnight at 150 C to remove moisture and foreign gases on the surfaces of the catalysts. Adsorption and desorption processes of N 2 on the catalysts surfaces were analyzed in a vacuum chamber at À196 C. The basicity and basic strength distribution of the catalysts were studied by using temperature-programmed desorption with CO 2 as probe molecule. TPD-CO 2 experiment was performed using a Thermo Finnegan TPDRO 1100 apparatus equipped with a thermal conductivity detector. Catalysts (0.05 g) were pre-treated with N 2 gas ow for 30 min at 250 C to remove the moisture in the sample. This was followed by CO 2 gas ow for 1 h under ambient temperature to allow adsorption of CO 2 onto the surfaces. The excess CO 2 was subsequently ushed with N 2 gas ow at 20 mL min À1 for 30 min. The desorption of CO 2 from the basic sites of the catalysts was detected by thermal conductivity detector (TCD) in helium gas ow (30 mL min À1 ) from 50 C to 900 C and hold for 30 min. The acidity of the catalyst was determined by using ammonia (NH 3 ) as probe gas. The adsorption and desorption of NH 3 utilized the same procedures as in TPD-CO 2 method. The amount of basicity/acidity of the catalyst were determined using peak area of CO 2 /NH 3 desorption peaks. The temperatures of the peak maximum (T max ) at which the desorption of CO 2 /NH 3 had occurred were used to study the characteristics and the basic/acid site distribution of the active sites for the catalysts. The morphology of the catalysts were then investigated by using scanning electron microscope (SEM) (SEM JOEL 6400). The determination of elemental compositions such as Ca, Ni, Zn, Fe and Co on the surface of catalysts were determined by FESEM-EDX mapping analysis using LEO 1455 VP electron microscope via Rayny EDX-720 spectrometer.
Activity test
Catalytic deoxygenation of triolein was carried out in a 250 mL two-necked round bottom ask equipped with magnetic stirrer bar, heating mantle and connected to a distillation system. Approximately 20 g of triolein and 5 wt% of synthesized catalyst was added into the ask. The deoxygenation reaction of triolein was performed by heating the reaction medium to 350 C under inert condition (N 2 ow ¼ 20 cc per min) for 60 min. The cracked/deoxygenated product was then collected in a receiver ask and at the end of the test, the reactor was cooled to room temperature using an external water circulation cooling system and the liquid products was further weighted and analyzed using acid number (AN) test, Fourier transform infrared spectroscope (FTIR), gas chromatography ame ionization detector (GC-FID) and gas chromatography mass spectrometry (GCMS). All the reactions were repeated 3 times and the reported data described as the mean values of the 3 repetitions. The analyses of mass balance were conducted for all deoxygenation reactions. The solid catalysts were separated by mixing the liquid residue inside the ask with hexane to determine the mass of the retained products (char + residue) aer reaction. The hexane was removed via rotary evaporator and the dark viscous liquid was identied as (char + residue). The analyses of carbon balance were conducted by collecting the liquid product every 15 min over a period of 135 min. The changes in the hydrocarbon product and acid values were observed by GC-FID and total acid number (TAN) test.
Optimization study
The optimization studies were carried out via the Box-Behnken design to maximize the hydrocarbon yield from triolein by investigating the effect of 3 combinations of variables. Three independent variables such as (A): reaction temperature (300-390 C), (B): reaction time (60-120 min) and (C): catalyst loading
(1-9 wt%) was applied. All the 17 experiments were augmented with 5 replications and were carried out at the center points to evaluate the pure error. In the present study, the Design Expert 6.0.4 soware was used to obtain the regression and graphical analysis of the data. The maximum values of hydrocarbon yield were taken as the response of the design experiment for deoxygenation process. The experimental data obtained from the above procedure was analyzed by the response surface regression using polynomial equation eqn (1) , where Y is the predicted response; b o , b j , b ij and b jj are constant coefficients; x i and x j are the coded independent variables or factors; 3 is random error. The equation was also being validated by carrying out conrmatory experiments.
Product analysis
The deoxygenated liquid products were identied using standard alkane and alkene n-(C 8 -C 20 ) and were quantitatively analyzed in gas chromatography with ame ionization detector (GC-FID) (Shimadzu GC-14B) equipped with a HP-5 capillary column (length: 30 m Â inner diameter: 0.32 mm Â lm thickness: 0.25 mm) operating at 300 C. The liquid product was diluted with GC grade n-hexane prior to the yield analysis. 1-Bromo hexane was used as internal standard for quantitative analysis. An aliquot of 1 mL sample was injected with into the GC column. The injection temperature was at 250 C. Nitrogen gas was served as the carrier gas. The initial temperature of the oven was set at 40 C and held for 6 min, then ramped up to 270 C at the heating rate of 7 C min À1 . The hydrocarbon yield and product selectivity were determined by comparing the retention time of standard hydrocarbons (C 8 -C 20 ) with experimental-based products which shown Fig. S1 (see ESI †). In the present study, the catalytic performances of the catalysts was studied by determining the yield of saturated and unsaturated straight-chain hydrocarbons (X) (eqn (2)). 14 All analyses were conducted for 3 times to conrm the reproducibility of the results.
where,
The hydrocarbon selectivity (S c ) or carbon balance were determined by eqn (3)
where, S carbon ¼ hydrocarbon selectivity or carbon balance (%), C x ¼ area of desired range of carbon number, n x ¼ area of hydrocarbons. Product distribution of the deoxygenized liquid product were qualitatively characterized using GC-MS (model SHIMADZU QP5050A) equipped with a non-polar DB-5HT column (30 m Â 0.32 mm Â 0.25 mm) with split-less inlet. The samples were diluted with GC grade n-hexane (purity >98%) to 100 ppm. The generated fraction peaks from the GC-MS spectrum were identied through the National Institute of Standards and Testing library. The compound identication was based on a probability match equal to or higher than 95%. The yield of the organic compound (hydrocarbon fractions, carboxylic acid, alcohol and etc.) was determined using eqn (4):
where, S product ¼ yield of organic compound (%), C y ¼ area of the desired organic compound, n y ¼ total area of organic compounds.
Degree of oxygen to carbon (O/C) atomic ratio and degree of hydrogen to carbon (H/C) atomic ratio were determined by Elemental CHNS/O 2400 analyser. The similar method has been reported by several high inter-disciplinary article focused on deoxygenation reaction. 18, 19 The results were depicted in terms of H/C and O/C ratio in Van Krevelen diagram. The acid values of the feedstock and liquid products were determined using standard method of AOAS Cd 3d-63. It is important to determine the amount of carboxylic acid/fatty acid in deoxygenated product. The acid value was calculated using equation as shown in eqn (5).
Total acid numberðTANÞ
where, V f ¼ the volume of titrant (mL) consumed by the oil sample, V i ¼ the volume of titrant (mL) consumed by 1 mL of spiking solution at the equivalent, N ¼ concentration of HCI, W oil ¼ mass of the sample in grams, 56 ¼ molecular weight of KOH. Furthermore, Fourier Transform-Infrared Spectrometer (FT-IR) analysis was performed using PerkinElmer (PC) Spectrum 100 FTIR with a resolution of 4 cm À1 in the IR range of 300-4000 cm À1 which principally followed the concept of Attenuated Total Reection (ATR) method. This analysis was to determine the chemical functional group contained in the liquid product.
3 Results and discussion
Physicochemical properties of catalysts
The bulk elemental composition for transition metal oxide (TMO)-doped with CaO catalysts was studied by using XRF analysis ( Table 1 ). The results showed that the presence of transition metal oxides (NiO, ZnO, Fe 2 O 3 and Co 2 O 4 ) at 15-19 atomic% for each catalyst. Calcium (Ca) content was found as the major element (>80 atomic%) in all catalysts. Thus, experimental ratio (TMO : CaO) of synthesized catalysts (20% of active metal oxide and 80% of CaO) were in agreement with the intended ratio, which is 2 : 8 atomic ratio. The TMO-doped CaO catalysts were further characterized using FESEM-EDX mapping ( Fig. 1a-d ) to verify the Ni, Zn, Fe and Co concentration on the surface of support. Ca-rich regions attributed to CaO particles were clearly observed on the catalyst surface. In addition, TMO (Ni, Zn, Fe and Co) was well-dispersed on the surface of CaO. The speckled pattern of transition metal species indicated that the uniform distribution of metallic active sites over the CaO matrix particles contributed to the efficient reactions.
Furthermore, the EDX analysis reported that the TMO-doped CaO catalysts rendered the average of 77-87 AE 3. , respectively. This nding indicated that the transition metal oxides were successfully impregnated onto the surface of CaO supports and partially covered the CaO active sites. 21 It is also observed that the pore diameters of all TMOdoped CaO catalysts were increased in the range of 2-188 nm and varied based on different TMO precursor. The results indicated that the catalysts were mainly consisted of mesoporous (2-50 nm) and macroporous (>50 nm) structure. The signicant increase of the pore diameters for TMO-doped CaO catalysts was likely associated with the thermal activation temperature of the synthesized precursor, which collapsed the pore walls. 22 This had led to the pitting and erosion on the newly formed TMOdoped CaO catalysts surfaces, which formed a wide channel for diffusion of reactant and product into the TMO-doped CaO pores, 23 and thus enhanced the catalytic activity. The SEM micrographs for all synthesized catalysts were shown in (Fig. 2bi-bv) . CaO catalyst prepared from clamshell showed irregular shape with agglomerated structure demonstrated sintering effect of catalyst due to high calcination temperature at 900 C ( Fig. 2b-i) . 24 However, SEM morphology for all TMO-doped CaO catalysts rendered signicant changes of morphology for surface structure. The images for both NiCaO and Zn-CaO catalysts revealed that irregular cubic-like structures which were larger in size of particles (Fig. 2b-ii and  iii) . Interestingly, the particles of Fe-CaO exhibited at akes-like structures, which had changed the dominant structure of CaO aer the impregnation process (Fig. 2b-iv) . In the case of Co-CaO, the aggregated particles consisted of interconnected sheet-like structure with rough surfaces (Fig. 2b-v) . The TMOdoped CaO catalysts were found to comprise of large cluster, which had resulted in lower surface area of the catalyst which is shown in Table 1 .
The results of XRF and XRD showed that CaO is the dominant metal oxide in the prepared catalysts (Ni-CaO, Zn-CaO, Fe-CaO and Co-CaO). Thus, it was estimated that the catalysts rendered strong base active sties that contributed by Ca
phases. 25 The basicity study of TMO-doped CaO catalysts was determined by TPD-CO 2 analysis (Fig. S2 (a) † and Table 1 ). TMOdoped CaO catalysts showed broad and intense desorption peak at temperature higher than 500 C. This had proven the presence of stronger Bronsted basic sites. 26 Furthermore, basicity trend of synthesized catalysts in the order of Zn-CaO > Co-CaO > Ni-CaO > CaO > Fe-CaO has showed that Zn, Co and Ni-doped CaO were capable of rendering higher amount of basicity than CaO catalyst. This is due the interaction between bi-metal ions, which had promoted synergy effect by enhancing the basicity between active TMO (Zn, Co and Ni) and CaO. 27 The acidity prole of synthesized catalysts was studied using TPD-NH 3 analysis. TMO-doped CaO catalysts (Ni-CaO, Zn-CaO and This implied the occurrence of cracking reaction of ester to intermediates products of carboxylic acid. This fact was in agreement with the acid value test, where the acidity of the triolein was increased drastically from 5 mg KOH per g to >100 mg KOH per g aer deoxygenation reaction (Fig. 3a) . Besides, deoxygenation reaction also resulted in the absent of C-O-C absorption features at 1285 cm À1 which belonged to carbonyl group in triolein, these was in agreement with the removal of oxygen species via deCOx pathways. 3.2.2 Quantication analysis. Fig. 3a showed that the deoxygenation prole of triolein using catalyst-free (blank) and catalyzed reaction using different TMO and TMO-doped CaO catalysts. The catalyst-free (blank) deoxygenation reaction rendered low yield of liquid hydrocarbon (13.4%), with high acidity of product (117.3 mg KOH per g) which corresponded to low deoxygenation reactivity of triglycerides in the absence of catalyst. As compared to bulk TMO and TMO-doped CaO catalyzed reaction, the yields of liquid hydrocarbon were increased in the order of Co-CaO > Ni-CaO > Zn-CaO > Zn-CaO > NiO > Co 2 O 4 > ZnO > CaO > blank > Fe 2 O 3 . The results showed that the addition of transition metal oxide in CaO systems were capable to render high hydrocarbon yield and low TAN value compared to TMO alone. It was suggested that synergistic effect from of acid-base interaction between binary metal oxide CaO and TMO were able to perform actively in deoxygenation process as mixed metal oxides. Based on the results obtained, Co-CaO catalyst showed better catalytic activity with the highest yield of 54% hydrocarbon and lowest TAN value of 67 mg KOH per g. This indicated that Co-CaO is able to convert majority of acid compounds in the triolein to non-acidic compounds including hydrocarbons.
As shown in our recent study, 15 the GC-MS chromatogram of the trioleins revealed that this feedstock was dominant toward saturated and unsaturated C 16 and C 18 fatty acids. The product of the subsequent fatty acid deCOx process are predicted to be resulted in formation of the long-chain hydrocarbon of n-C 15 and n-C 17 fractions. Based on the carbon distribution prole of the product Fig. 3b and c, all the catalyst-free and TMO catalyzed reaction showed wide distribution of hydrocarbon within the range of n-(C 8 -C 20 ). Our observations also veried that majority of the hydrocarbons fractions tended to form light hydrocarbon n-C 8 . Nevertheless, the product distribution from TMO-doped CaO catalyzed deoxygenation of triolein was improved compared to deoxygenation reaction without catalyst and with TMO catalysts. TMO-doped CaO catalysts were more selective to form desired deCOx product (n-C 15 , n-C 17 ) and there were only minor formation of n-(C 8 -C 12 ). Co-CaO and Ni-CaO catalysts showed the highest (n-C 15 + n-C 17 ) selectivity at 41% and 48%, respectively. Thus, it can be suggested that the use Coand Ni-doped CaO catalyzed deoxygenation was in favor to the formation of C nÀ1 hydrocarbons, which has implied higher deCOx activity. Formation of n-(C 8 -C 12 ) hydrocarbon fractions were detected in the reaction which indicated that cracking reaction via C-C scission had also occurred, this was then proved that TMO-doped CaO had catalyzed simultaneous cracking-deCOx reaction. Co-CaO is more favored toward deoxygenation reactivity with the highest hydrocarbon yield (54%) and high production of desired deCOx product (n-C 15 + n-C 17 ). The efficiency of Co-CaO catalyst in deoxygenizing triolein was conrmed by producing the lowest acid value (67 mg KOH per g) in deoxygenated liquid product (Fig. 3a) . Fig. 4a showed the chemical composition of deoxygenated liquid products catalyzed by TMO-doped CaO catalysts. Results had showed that 91% of the total unsaturated and saturated C 18 + C 16 fatty acids in triolein had gone through remarkable changes aer catalyzed by TMO-doped CaO catalysts. All the catalyst rendered desired reaction with saturated and unsaturated hydrocarbon fractions n-(C 8 -C 20 ) in the range of 60% to 76%, minor coupling products (ketone), alcohol, cyclic, heavy hydrocarbon n-(C 21 -C 24 ) fractions and acid compounds. The unfavourable reaction towards the formation of ketones rich compound was dominated by the high numbers of basic sites (Fe-CaO). It was in agreement with Parida's group, which high ketonization degree (86.5%) of acetic acid to acetone catalyzed by basic catalyst derived Mg/Al hydrotalcite at 350 C.
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However, ketonization rate reactions could be inhibited with the increase of acid sites follow order Co-CaO -Ni-CaO > ZnCaO > Fe-CaO (Fig. S2(b) † and Table 1 ). This implied that the relative acidity in catalyst is important in inhibiting the coupling process. 29 We also found that the Fe-CaO promoted signicant formation of heavy hydrocarbon n-(C 21 -C 24 ). It is possible to infer that the polymerization reaction in deoxygenation of triolein was expected to occur due to poor acidic properties of Fe 2 O 3 and CaO metal oxides. Both Co-CaO and Ni-CaO rendered similar trend of product selectivity, which is in the range of 29-35% for gasoline and 38-44% for diesel based on the gasoline and diesel prole (Fig. 4b) . As a summary, Co-CaO showed the highest hydrocarbon yield compared to other catalysts, thus it is selected for further optimization study to improvise on the catalytic activity and product selectivity.
3.2.3 Oxygen removal rate. Elemental analysis for oxygen, carbon and hydrogen content of deoxygenized product was determined via CHNOS analysis. The H/C and O/C atomic ratios were calculated and depicted in the Van Krevelen diagram (Fig. 4c) . It could be seen that the H/C and O/C atomic ratios of the triolein feedstock were 2.07 and 0.20 respectively, which consisted the highest amount of oxygen content. However, our results had shown that the liquid products rendered reduction of O/C ratio, which is the result of oxygen removal via deCOx process. The catalyst-free deoxygenation reaction showed reduction of oxygen content via cracking process, which favored the formation of short unsaturated hydrocarbon chain (low H/C ratio ¼ 1.92). The same applied to CaO catalyzed deoxygenation reaction, where low H/C ratio (1.88) resulted in undesired short and unsaturated hydrocarbon fractions. Co-CaO catalyst rendered signicant reduction of O/C atomic ratio ¼ 0.04 with higher H/C ratio, which indicated that the liquid product with low oxygen and high hydrogen content obtained. High H/C atomic ratio is an indication of low cyclization/aromatization activities. 30 The occurrence of cyclization/aromatization activities generally will lead to an increase in the content of condensed cyclic/aromatic compounds in the liquid fuel and thus, lowering the decomposition rate of liquid fuel. Due to that reason, those cyclic/aromatic-containing fuel would give higher NOx concentration during fuel combustion. 31 Generally, the occurrence of cyclization/aromatization activities are highly favourable in the presence of acid catalyst. 32, 33 However, the cyclic/aromatic compounds were found to be minimal under Co-CaO catalysed reaction, probably due the presence of a strong (acid-base) bifunctional catalyst. Which is able to suppress the occurrences of cyclization/aromatization activities and avoid the high formation of unfavourable carcinogenic NOx gas product during combustion of fuel. It was in agreement with GC-MS nding where low amount of cyclic/aromatic was observed for Co-CaO catalysed liquid product.
Generally, the desired catalytic deoxygenation pathway is the capability of the catalyst to efficiently remove oxygen molecules while reducing the carbon loss to maintain the quality of nal fuel product. Based on the catalytic activity study, Co-CaO catalyst showed the highest extent of deoxygenation efficiency and high selectivity towards formation of n-C 15 + n-C 17 products. The presence of bifunctional acidity-basicity in Co-CaO catalyst is the key factor to inuence the deoxygenation pathway (refer to TPD prole, Table 1 ). The presence of acid sites facilitated oxygen removal via hydrolysis of carboxylic ester to acid (eqn (6)) and follow by dehydration pathway (eqn (7)). 34 Both oxygen and hydrogen content can be removed effectively in reaction pathway. On the other hand, active basic sites generated from CaO are able to promote synergic effect towards the deCOx pathways of carboxylic acid chain to form hydrocarbon products (eqn (8) and (9)). 19, 35 It was speculated that the strong basic site derived from oxygen on the metal oxides able to create a forces by abstracting an alpha hydrogen in carbonyl compound, followed by C-O scission to form hydrocarbon. 36 Thus, deoxygenation processes via hydrolysis, dehydration, decarboxylation and decarbonylation can perform effectively with the existence of both strong acid-base catalyst. This is in agreement with the GC-MS results (Fig. 4a) , where lowest oxygenates compound (<15%) was detected with the use of strong acid-base Co-CaO catalyst. In contrast, other catalysts with strong basic sites medium acidic sites characteristic (Ni-CaO, Fe-CaO and ZnCaO) showed formation of high oxygenates compound (19-30%) . In addition, side reaction such as cracking of C-C bond pathway occurred during deoxygenation process. The cracking pathway is unavoidable in deoxygenation reaction as this reaction predominantly occur at high reaction temperature (350-500 C). 37 The deoxygenized liquid product will be thermally decomposed to form shorter hydrocarbon. 35, 38 It is foreseeable that the presence of strong acidic sites on the catalysts will induce cracking of fatty acid (eqn (10)) or deoxygenated product via C-C scission to form light hydrocarbon fractions (n-(C 8 -C 12 )) (eqn (11)). It was summarized that during catalysis, acidic sites facilitated dehydration and cracking, while the basic sites mainly promoted deCOx and partially removing oxygen from the triolein simultaneously.
Hydrolysis of carboxylic ester to acid
Dehydration of fatty acid
Decarboxylation of fatty acid
Decarbonylation of fatty acid
Cracking
3.2.4 Mass balance prole for catalytic deoxygenation of triolein. A mass balance prole for deoxygenation of triolein into liquid hydrocarbon product using all catalysts was studied under reaction conditions of 350 C, 5 wt% catalyst loading, 60 min reaction time under inert N 2 ow condition. Based on eqn (12), the deoxygenation reaction of triolein had led to the production of liquid product via deCOx reaction accompanied by the release of CO 2 gas, CO gas and water as by-products. The theoretical and experimental mass fraction of each compounds including triolein feedstock, liquid product, by-products (CO 2 gas, CO gas, water and mixture of char + residues) was tabulated in Table 2 . The overall experimental liquid mass balance is 40-68% lesser than theoretical value. The deviation of the liquid mass collected were due to high occurrence of cracking activity of deoxygenated product into volatile matter and the formation of undesired char + residue formation aer reaction. Char and residue shall not form during the deoxygenation reaction in ideal reaction pathway. However, the signicant amount of solid char and residue were observed in catalytic deoxygenation process. The formation of char and residue (char + residue) was caused by low degree volatilization of triolein during deoxygenation at high temperature (350 C) 39 and was partially due to CaCO 3 formation during the reaction, 34 which had been proven by our previous study. 29 Nevertheless, the Co-CaO catalysts yielded low formation of char + residue (26 wt%) compared to pure CaO (35 wt%) and other TMO-doped catalysts (38-46 wt%). The low char + residue yielded from Co-CaO catalyzed reaction might be attributed to the suppression of formation of carbon species via the existence of large amount of strong acid-basic active sites. The mass balance of the water was found lesser than theoretical, as it was easily vaporized during high temperature deoxygenation reaction. The mass balance prole suggested Co-CaO catalyst did the most promising deoxygenation activity with the highest amount of liquid product yield (38 wt%) and produced the least by-product (char + residue) (26 wt%). predicted values the response at the design point and the 3 variables in non-coded form were given in Table 3 . The regression eqn (13) for the determination of predicted values of output parameter (i.e. hydrocarbon yield) were given as follows
Optimization studies via
Positive sign in front of the terms indicates synergistic effect, while negative sign indicates antagonistic effect. 40 The generated model equation implied that positive coefficient of A and B rendered linear effect toward the response. Meanwhile, the quadratic term of C, A 2 , B 2 , C 2 , AB, AC, and BC showed negative effect, which decreased the hydrocarbon yield. Table 3 showed the percentage of hydrocarbon yield was varied between 26-54%. The highest hydrocarbon yield was at 330 C, 90 min, 5 wt% catalyst loading and the lowest yield was at 300 C, 60 min, 5 wt% catalyst loading. It was proven that the modeled and experimental values were similar, hence, validating the reliability of the model developed for establishing a correlation between the process variables and the hydrocarbon yield.
Effect of reaction parameters.
The response surface prole and its contour of the optimal production of hydrocarbon yield based on eqn (13) was shown in Fig. 5 , for which the rate of reaction ramping was xed at 400 rpm. There were 3 factors which had affected the deoxygenation reaction. Hence, it is impossible to present all the effects on the same 3D plot. Therefore, the interaction effect of the two parameters was plotted with the third parameter xed to be constant in each of the gure. Fig. 5(ai and aii) showed the inuence of temperature (A) and reaction time (B), Fig. 5 (bi and bii): temperature (A) and catalyst loading (C), and 5(ci and cii): reaction time (B) and catalyst loading (C) to the hydrocarbon yield. Fig. 5(ai and aii) showed the interaction effect between reaction temperature (A) and reaction time (B) towards straight chain hydrocarbons yield, with catalyst loading (B) was xed at 5 wt%. The interaction temperature and reaction time showed signicant effect on hydrocarbon yield, which is illustrated in Fig. 5(ai) . The yield of hydrocarbons increased signicantly from 27% to 54% with increased reaction temperature. Meanwhile, the contour lines indicated that hydrocarbon fractions yield was maximum at high temperature $330 C and longer reaction time $105 min with 54% yield Fig. 5(aii) . However, the hydrocarbon yield began to decrease aer a prolonged retention time (>105 min), which can be explained by the cracking of deoxygenated product or intermediate products to gases and char formation by condensation, cyclization and re-polymerization. 41 The results also showed that the optimum hydrocarbon products can be achieved under shorter reaction time ($75 min) but the reaction must be sustained at high temperature (360 C). It was expected that more non-volatile light fractions (C 8 -C 12 ) were obtained as the aggressive C-C scission occurred more easily at high reaction temperature than C-O scission. Generally, the C-O scission is favored at lower temperature (330-340 C) and it was in e Material fraction for (char + residue) ¼ [mass of (char + residue)/mass of feedstock) Â 100)]. agreement with our recent nding 14 which had shown that jatropha oil was successfully converted to desired n-C 15 + n-C 17 with total selectivity >65% and to n-(C 8 -C 10 ) with total selectivity <12% at the temperature of 330-350 C. The trend of n-C 15 + n-C 17 selectivity reduced with the increase of n-(C 8 -C 10 ) formation to 26% when the reaction temperature was increased to 400 C. The simultaneous interaction effects towards hydrocarbons yield by varying reaction temperature (A) and the catalyst loading (C) at constant reaction time of 90 min and 400 rpm was presented by 3D and contour lines plot in Fig. 5(bi and bii) . The results showed that the catalyst loading rendered low impact on the hydrocarbon yield. The hydrocarbon yield increased with the increment of catalyst loading within the range of 3-5 wt% at reaction temperature up to 330 C. The trend was reversed when catalyst loading was further increased to >5 wt% and reaction temperature exceeded 330 C. Theoretically, higher catalyst loading would increase the availability of catalyst sites for deoxygenation reaction, thus increase the hydrocarbon yield. However, the usage of excess of catalyst would increase the possibilities of secondary reactions such as polymerization and cracking reactions. Polymerization reaction will lead to the formation of heavy product such as large aromatic-by product and asphaltenes which is unhealthy for the catalyst surface and lead to deactivation of catalyst. 42 Moreover, further increment of the catalyst loading had resulted in high thermal cracking efficiency towards the formation of shorter hydrocarbon fraction like gaseous product. 43 The occurrence of secondary reactions due to thermal cracking at high temperature will eventually resulted in production of more volatile species and caused reduction in the yield.
The effect of reaction time (B) and catalyst loading (C) on the hydrocarbon yield under constant reaction temperature at 330 C were shown in both surface and contour plots in Fig. 5 (ci and cii). Analysis of these two effects showed that the increment in both reaction time and catalyst loading increased the hydrocarbon yield up to a certain point. It has clearly shown that hydrocarbon yield was increased with the increment of reaction time from 60 to 105 min. Similar trend was also observed thru the increment of catalyst loading from 3 to 5 wt%. The contour plot Fig. 5 (cii) indicated similar results with 3D-surface plot. It is obvious that the maximum hydrocarbon yield region can be obtained around $55% within 105 min using 5 wt% catalyst loading. It can be concluded that reaction temperature and reaction time shall have signicant effect to deoxygenation of triglycerides into hydrocarbon fractions. The effect of increasing catalyst loading towards hydrocarbon yield is unsubstantial compared to reaction temperature and reaction time. It was suggested that increasing of all parameters above the optimum level will reduce the product yield. This was in agreement with eqn (13) when all the interaction of AB, BC and AC showed negative interaction. The model predicted that the maximum yield can be obtained at 340 C, reaction time, 5 wt% catalyst loading within 105 reaction time. The optimum response variables were then tested following suggested conditions to verify the model prediction. The experimental results indicated that the hydrocarbons yield (56%) was reasonably close to the predicted value (55%) generated from the model.
Effect of catalyst/oil weight ratio
In order to investigate the deoxygenation activity of the Co-CaO with different catalyst/oil weight ratio, deoxygenation reactions of triolein were carried out at the catalyst/oil weight ratio of 0.01, 0.05 and 0.09 at the reaction conditions of 340 C, 5 wt% catalyst loading within 105 min of reaction time under inert N 2 ow. The results are shown in Table 4 . Catalytic deoxygenation of triolein into hydrocarbons was found to be greatly affected by the catalyst/oil weight ratio. The hydrocarbon yield was found to increase in the order of 0.05 (56%) > 0.01 (50%) > 0.09 (43%). Similar trend was observed on the n-C 15 + n-C 17 and diesel selectivity of the deoxygenated liquid products. Lower rate of deoxygenation activity via deCOx reaction was observed with high catalyst/oil weight ratio tests, the result was further endorsed with the presence of high acid value (72 mg KOH per g) of the product. In contrast, the acid value for catalyst/oil weight ratio at 0.01 and 0.05 was very low (38-42 mg KOH per g), which indicated that conversion of carboxylic acid group occurred efficiently and the liquid product could be regarded as high quality hydrocarbon mixtures. Overall, it was implied that high catalyst/oil weight ratio favored C-C scissions of triglycerides and decomposed into intermediates product especially carboxylic acid groups with less occurrence of C-O scission via deCOx reaction. 44 This indicates that high catalyst/oil weight ratio condition is not preferable in deCOx reaction.
Co-CaO derived waste clamshell versus commercial CaO
The catalytic deoxygenation of triolein at 340 C, 5wt% catalyst loading within 15-135 min reaction time using Co-CaO clamshell and Co-CaO commercial under inert N 2 ow condition was shown in Fig. 6a-d . The total amount of hydrocarbon fractions for CoCaO clamshell and Co-CaO commercial achieved 77% and 72%, respectively at the reaction time of $105 min (Fig. 6(a and b) ). This nding indicated that the deoxygenation activity of CoCaO clamshell is comparable to Co-CaO commercial catalyst. Further study on carbon distribution prole was shown in Fig. 6(c  and d) . The results showed similar trend of carbon distribution curve for both catalysts. The desired product for n-C 17 fraction showed maximum content at 60 min of reaction time. The product in carbon range of n-(C 13 -C 16 ) increase aer 60 min, this suggested that mild C-C dissociation of fatty acid has occurred. Meanwhile, reduction of product range of n-(C 8 -C 12 ) aer 60 min indicated that the cracking reaction has occurred mildly. The efficiency of Co-CaO clamshell and Co-CaO commercial catalysts in converting the free fatty acids into hydrocarbon were in agreement with changes in acid values, FTIR analysis and GC-MS analysis. It can be seen that both Co-CaO clamshell and Co-CaO commercial catalysts resulted in drastic changes in the acid values of liquid product from high-acid-value (145-135 mg KOH per g) in the rst 15 min of reaction time to low-acid valuevalue (<2 mg KOH per g) aer 105 min of reaction time. This is equivalent to acid value conversion of $98% (Fig. 6(c and d) ). The elimination of intermediates acid species were further conrmed by FTIR analysis (Fig. 7a) which is belonged to carbonyl. Meanwhile, GC-MS analysis showed that zero detection of carboxylic acid compound (Fig. 7b) . These observations had shown that the gradual formation of the hydrocarbon-based liquid fuel along with the elimination of intermediate acid compound during the deoxygenation reaction. Moreover, GC-MS also showed a trace amount of oxygenates and non-oxygenates compound which consisted of ketone, alcoholic, cyclic and heavy hydrocarbons n-(C 21 -C 25 ). In contrast, straight chains alkanes and alkenes compounds with carbon number n-(C 8 -C 20 ) was the most predominant in its concentration (68-83%). This had shown that the product selectivity is leaning towards diesel-range hydrocarbon product. 29 Both clamshell-derived CaO support and commercial CaO support were reacted with carboxylic acid during deoxygenation process, and it was further deactivated into non-reactive carbonate phases in order to enhance the occurrence of deCOx pathways by absorbing the CO 2 /CO gas from the acid. 45, 46 It is also noteworthy to mention that the inactive carbonate phases of spent Co-CaO catalyst can be re-converted into active CaO phase through thermal activation. The recoverability of the spent Co-CaO clamshell and Co- CaO commercial catalysts were performed via hydrothermal treatment with hexane to remove oil coating, followed by thermal activation at 800 C for 1 h to convert inactive CaCO 3 phases into active CaO phases. Results indicated that the deoxygenation activity of reactivated catalysts under N 2 ow was comparable to fresh catalyst. Similar trend was reported by our former study in deoxygenation of triolein by using CaO-based catalyst under vacuum condition. 29 The total hydrocarbon fraction (C 8 -C 20 ) obtained from reactivated Co-CaO clamshell and Co-CaO commercial catalysts was slightly reduced from 82% to 79% and 68% to 63%, respectively (Fig. 7d) . Meanwhile, a trace amount of oxygenates and non-oxygenates compound were present in the deoxygenated liquid product catalyzed by reactivated Co-CaO catalyst. This implied that the active sites on the treated catalyst remained active aer reactivation for further reaction. Utilization of Co-CaO clamshell as a catalyst has more benets than Co-CaO commercial catalyst as it was derived from natural sources which are abundant in nature, economically feasible and environment friendly.
Comparison studies and the reaction pathway of deoxygenation of triolein
The catalytic activity of Co-CaO at optimum conditions was further compared to other Ca-based catalysts which tabulated in Table 5 . 29, 35, 47, 48 The summary showed that Co-CaO (present study) rendered better hydrocarbon yield (56%) and selectivity toward diesel range (65%) at optimized conditions (reaction time: 105 min, temperature: 340 C and 5 wt% catalyst loading) under in N 2 ow condition via deoxygenation reaction compared to mesoporous CaO/AC, MgO-SiO 2, Co-and W-supported catalysts. Our former study shown that Co-supported catalyst rendered higher yield in gasoline-range product via cracking reaction in a shorter reaction time (45 min) under partial vacuum condition. 29 Meanwhile, in the present study, Co-CaO rendered higher selectivity towards diesel-range within 105 min via cracking-deCOx reaction under inert N 2 ow condition. Therefore, other than the synergy effect between TMO and CaO with improved acidity-basicity prole, the reaction parameters especially time and reaction atmospheres were also some of the crucial criteria to look into to enhance the product selectivity toward diesel-range hydrocarbon. This was in agreement with former studies, where deoxygenation under inert N 2 or He ow condition rendered hydrocarbon within diesel-range fractions. 35, 47, 48 Continuous ow of N 2 and He during the reaction has helped in maintaining a high catalytic activity by avoiding CO 2 /CO gases produced by the deCOx reaction from poisoning the active catalyst surface. 49 Furthermore, owing N 2 and He has the ability to promote desorption Fig. 7 (a) FTIR spectra for triolein and deoxygenated liquid products, (b) product distribution for deoxygenated liquid product, (c) XRD diffraction for the as-synthesized catalysts of Co-CaO and Co-CaO after deoxygenation reaction and (d) product distribution for deoxygenated liquid product using fresh and re-activated Co-CaO catalysts. *other ¼ total of cyclic, ketone, alcohol, heavy hydrocarbon, aldehyde and carboxylic acid; *H/C¼ hydrocarbon.
of organic contaminants at the active surfaces of the catalyst, therefore conserving its activity for longer reaction time.
Conclusion
The present study has investigated the performance of clamshell-derived catalysts (Ni-CaO, Zn-CaO, Fe-CaO and CoCaO) for deoxygenation reaction of triolein. The binary metal oxide system between TMO promoters (NiO, ZnO, Co 2 O 4 and Fe 2 O 3 ) and CaO support has created both acidic-basic active sites that synergically contributed to the production of dieselrange product mainly composed of desired deCOx product. It was summarized that during catalysis, the oxygen removal from the triolein facilitated by the existence of strong acid-base sites. Based on the deoxygenation prole, the liquid hydrocarbon yield increased in the order of Co-CaO > Ni-CaO > Zn-CaO > FeCaO. Co-CaO catalyst rendered the highest yield (55%) with product selective toward deCOx product (n-C 15 + n-C 17 ), which due to the presence of excellent acidity/basicity prole (density, strength). The optimization study via RSM Box-Behnken suggested that the optimal value of $56% hydrocarbon yield were achieved under reaction conditions of 5 wt% of catalyst, 340 C within 105 min of reaction time with product selectivity towards diesel-range. The optimization study also proposed that the interaction effect between reaction temperature-time would greatly inuence the product yield. The application of clamshell derived CaO-based support in catalytic deoxygenation to produce green diesel is proven effective by comparison study between Co-CaO clamshell and Co-CaO commercial , which found both catalysts rendered comparable deoxygenation activity with Co-CaO clamshell having an edge over Co-CaO commercial as it was derived from natural clamshells which were abundant in nature, economical and environment friendly.
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